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column	 and	 have	 limited	 capability	 for	 independent	 movement.	 A	






conditions	 they	will	 over	 time	 constitute	 a	 time	 series	 of	 individual	
cells.	Hence,	going	down	into	the	sediment	archive	will	be	equivalent	
to	going	back	in	time	(Figure	1;	Ellegaard	et	al.,	2013).	To	achieve	this,	











































Lake 25–35 175–275a Stockner	and	Lund	(1970)
Skeletonema marinoi
Sarno	&	Zingone	et	al.






































and/or	 phenotypical	 characteristics	 of	 these	 organisms	 and	 suggest	
future	perspectives	for	this	emerging	field.
2  | REVIEW
2.1 | Temporal records of population genetics and 
physiology of diatoms and dinoflagellates
So	 far,	 the	 studies	 published	 on	 temporal	 series	 of	 phytoplankton	






not	 been	 established	 for	 other	 groups.	 The	maximum	 age	 of	 viable	
cells	reported	for	these	two	groups	from	isotope-	dated	sediment	cores	














areas	 (e.g.,	 Godhe	 et	al.,	 2016).	 Finally,	 considerations	 of	 availability,	






P. dalei and S. marinoi, microsatellite	genetic	markers	were	developed	
primarily	 for	 studying	 temporal	 population	 genetic	 changes	 (Almany	
et	al.,	2009;	Lundholm,	Nielsen,	Ribeiro,	&	Ellegaard,	2014).
Clonal	 strains	 from	 past	 populations	 of	 these	 two	 species	 have	





century.	 Therefore,	 experiments	 on	 the	 revived	 strain	 series	 have	
been	done	to	test	hypotheses	of	the	effects	of	these	environmental	
changes	on	ecophysiological	preference	of	the	strains	(Ribeiro,	Berge,	
Lundholm,	 &	 Ellegaard,	 2013).	 Also,	 changes	 in	 population	 genetic	
structure	have	been	 linked	 to	past	 environmental	 shifts	 (Härnström	
et	al.,	2011;	Lundholm	et	al.,	2017).
One	study	(Härnström	et	al.,	2011)	tested	population	genetic	struc-
ture	of	Skeletonema marinoi	 from	five	age-	depth	layers	 in	the	hypere-
utrophic	Danish	inlet	Mariager	fjord	spanning	>80	years	during	which	
very	 large	changes	 in	nutrient	 loading	have	occurred	 (Ellegaard	et	al.,	

































high	 salinity	 treatment).	 Lundholm	et	al.	 (2017)	 analyzed	population	
genetic	 structure	 using	 six	microsatellites	markers	 (Lundholm	 et	al.,	
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over	multidecadal	 timescales	 (Figure	1).	An	 essential	 requirement	 is	




dioactive	 isotopes.	At	 the	 time	 scales	 relevant	 here,	 the	most	 com-
monly	used	method	is	dating	by	210Pb,	often	supported	by	137Cs	(e.g.,	
in	Northern	Europe),	which,	under	ideal	circumstances,	can	be	applied	





































study	 population	 genetic	 structure.	Microsatellites	 are	very	 suitable	
for	such	studies,	but	due	to	difficulties	and	cost	of	development,	so	
far	 <10	 different	 loci	 have	 been	 used,	 making	 the	 coverage	 of	 the	
genome	limited	and	restricting	the	data	to	noncoding	sites.	Ongoing	
studies	of	P. dalei	from	a	Greenlandic	fjord	(S.	Ribeiro,	S.	Hardardottir,	
M.	 Ellegaard,	 T.J.	 Andersen	 &	 K.	 Rengefors,	 in	 prep.)	 and	 S. mari-
noi	 (Godhe,	unpublished)	 from	the	Swedish	 inlet	Havstens	 fjord	and	





morphisms	 have	 been	 developed	 for	 studying	 temporal	 population	
genetic	structure	(Figure	1.3).
The	availability	of	 temporal	data	 series	on	environmental	 condi-
tions	in	a	potential	sampling	site	is	another	central	factor	(Figure	1.2).	
To	test	for	adaptation	in	the	face	of	environmental	change,	the	timing,	








available	 for	 the	 study	 site	 (local-	scale	variability),	 although	 regional	





3  | DISCUSSION AND FUTURE  
PERSPECTIVES
3.1 | Reconstructing phytoplankton adaptation to 
environmental change
Given	 the	 short	mitotic	 generation	 time	 of	 phytoplankton	 and	 the	
large	 population	 sizes	 and	 genetic	 standing	 stock,	 phytoplankton	
resurrected	 from	 sediment	 cores	 provide	 a	 splendid	 material	 for	
studying	 adaptation	 to	 past	 and	 ongoing	 changes.	 Phytoplankton	
populations	germinated	from	discrete	layers	of	a	sediment	record	can	
be	 kept	 side	 by	 side	 in	 the	 laboratory.	 This	 allows	 direct	 compari-
sons	of	phenotypes	and	genotypes	of	original	and	adapted	popula-









One	 could	 either	 expose	 the	 populations	 to	 ecologically	 relevant	
maximum	and	minimum	nutrient	concentrations,	irradiance,	tempera-
tures	or	pCO2	 (as	done	with	 salinity	 in	Ribeiro	et	al.,	 2011),	 or	 ex-
pose	individuals	to	gradient	of	the	manipulated	parameters	to	assess	
the	reaction	norms	of	the	populations.	A	significant	shift	in	reaction	
norms	 between	 temporally	 separated	 populations	 is	 likely	 a	 strong	
indicator	of	an	adapted	population.	The	phenotypes	most	commonly	
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used	as	response	proxies	among	single	celled	protists	are	the	extent	
of	the	lag	phase,	the	growth	rate	and	the	growth	efficiency	(Blomberg,	
2010).	Several	 recorded	phenotypic	 traits	will	more	 likely	pick	up	a	
significant	signal	of	adaptive	change	 (Figure	1.5).	Phenotypic	novel-
ties	in	the	adapted	populations	are	presumably	a	result	of	selection	
from	 the	genetic	 standing	 stock	 (soft	 selective	 sweeps),	 or	 a	 result	
of	mutations	or	new	genotypes,	which	have	entered	the	population	
through	migration	(hard	selective	sweeps)	(Krehenwinkel,	Rödder,	&	
Tautz,	 2015).	 By	 using	 either	 reduced	 representation	 libraries	 and	
high-	throughput	 sequencing	 for	 organisms	 with	 large	 genomes	 or	
resequencing	for	organisms	with	smaller	genomes,	SNPs	can	be	de-
tected	and	followed	through	time	(i.e.,	down-	core).	FST analyses will 







A	 key	 potential	 of	 studies	 using	 temporal	 series	 of	 strains	 is	 to	
explore	if	and	how	populations	can	undergo	evolutionarily	significant	
changes	 in	 ecologically	 important	 traits	 on	 the	 same	 time	 scales	 as	
the	 changes	 that	 drive	 them	 (e.g.,	 Becks,	 Ellner,	 Jones,	 &	 Hairston	
Jr.,	2012),	 thus	 linking	 “ecological	 time”	with	 “evolutionary	 time”	via	
the	 study	of	 eco-	evolutionary	 dynamics	 (e.g.,	De	Meester	&	Pantel,	
2014).	Such	studies	have	been	performed	in	laboratory	settings	of,	for	
example,	 prey–predator	 dynamics	 of	Chlamydomonas reinhardtii	 P.A.	
Dangeard	1888	and	a	rotifer	predator,	which	showed	that	changes	in	






long-	term	 biological	 records	 of	 sediment	 archives.	 These	 have	 the	
potential	to	test	for	direction	of	selection	(e.g.,	fluctuating	selection;	
Figure	1.5.;	 Lundholm	et	al.,	2017)	and	a	 future	potential	 for	 linking	
changes	 in	phenotype	directly	with	environmental	 changes	and	 fur-
ther	with	changes	in	the	genes	coding	for	the	phenotypic	trait.
3.2 | Resting stages in ecosystem functioning and  
resilience
As	 seen	 above,	 undisturbed	 records	 of	 resting	 stages	 produced	 in	
the	 past	 and	 stored	 in	 coastal	 sediments	 may	 provide	 unique	 in-
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